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INTRODUCTION
============

Type 1 diabetes mellitus is caused by the selective autoimmune destruction of insulin-producing β-cells in pancreatic islets of Langerhans. One of the most important autoantigens in type 1 diabetes is the 65-kD isoform of glutamate decarboxylase (GAD65). Antibodies against GAD65 are formed in 75--84% of the patients ([@bib41]). GAD65-reactive cytotoxic T-lymphocytes can mediate the autoimmune destruction of the β-cells ([@bib57]). Despite the importance of GAD65 in the disease process, its physiological role in pancreatic islets is still unclear.

GAD65 and the second isoform of glutamate decarboxylase, GAD67, catalyze the formation of the inhibitory neurotransmitter GABA from glutamate. Both GAD and GABA are present in pancreatic islets at concentrations similar to those encountered in classical GABAergic regions of the brain ([@bib48]). In pancreatic islets, both GAD and GABA selectively localize to β-cells ([@bib27]). While GABA has been ascribed an intracellular role as a fuel in β-cells ([@bib45]), the finding of inhibitory effects of exogenously added GABA on the secretion of insulin ([@bib43]), glucagon ([@bib39]), and somatostatin ([@bib38]) suggested a putative function as a paracrine transmitter. Indeed, GABA receptors have been demonstrated in different cell types of pancreatic islets ([@bib39]; [@bib56]; [@bib53]).

Understanding the function of GABA as a paracrine transmitter in islets requires information on how, if at all, GABA is secreted from β-cells and its regulation. Studies on the release of GABA from β-cells, however, have so far yielded conflicting results ([@bib1]; [@bib44]), which may partially be due to the lack of an assay with high temporal and quantitative resolution.

In β-cells, GAD65 and GABA are excluded from insulin-containing large dense-core vesicles (LDCVs) ([@bib15]) and are instead believed to principally associate with synaptic-like microvesicles (SLMVs) ([@bib36]; [@bib49]). SLMVs share many protein components with synaptic vesicles of neurons and can be found in several endocrine cell types ([@bib50]). Classical high-resolution techniques for monitoring exocytosis, such as capacitance measurements, cannot readily distinguish between LDCVs and SLMVs. Indeed, it has been proposed that an early rapid component of capacitance increase results from release of SLMVs ([@bib47]). We have developed a novel method that allows the detection of individual GABA-containing vesicles at high temporal resolution. We show here that GABA is promptly released by regulated Ca^2+^-dependent exocytosis during membrane depolarizations to physiological voltages. This provides a basis for paracrine intercellular signaling exerted by GABA within the islet micro-organ.

MATERIALS AND METHODS
=====================

Adenovirus Construction
-----------------------

cDNAs encoding the GABA~A~α~1~ and the GABA~A~β~1~ subunits of the human GABA~A~ receptor were subcloned into the shuttle vector pACCMV.pLpA ([@bib7]). The plasmids pACCMV-GABA~A~α~1~ and pACCMV-GABA~A~β~1~ were cotransfected into HEK293 cells together with pJM17 to obtain recombinant adenoviruses encoding either the GABA~A~α~1~ or the GABA~A~β~1~ receptor subunits. Viral titres were determined by agarose overlay of HEK293 cells ([@bib7]).

Islet Cell Preparation and Infection
------------------------------------

Pancreatic islets were isolated from Sprague-Dawley or Wistar rats by collagenase digestion as described elsewhere ([@bib33]). All experiments involving animal experiments were performed in accordance with the regulations of the ethical committee at Lund University. Single cells were prepared by triculation of islets in Ca^2+^-free solution. The cells were coinfected with the recombinant adenoviruses encoding the GABA~A~α~1~ and GABA~A~β~1~ subunits (10--100 pfu/cell) and used for experiments 24--48 h after infection. In some initial experiments ([Figs. 6](#fig6){ref-type="fig"} A and 8), 20 mM of GABA was added to the culture medium to ensure that the GABA-containing vesicles are not depleted of GABA; no difference in the properties of GABA release were detected between the loaded and unloaded cells. It was ascertained separately by immunogold electron microscopy that GABA did not accumulate in insulin-containing LDCV during this procedure (unpublished data).

Electrophysiology
-----------------

Patch pipettes were pulled from borosilicate glass (tip resistance 3--6 MΩ). The electrophysiological measurements were conducted using the perforated patch ([Fig. 8](#fig8){ref-type="fig"}) or standard whole-cell configuration (all other experiments). In the former type of recordings, electrical contact was established by inclusion of the pore-forming antibiotic amphotericin B into the pipette solution (final concentration: 0.24 mg/ml). The measurements were performed using an EPC9 patch-clamp amplifier (HEKA Electronics) and Pulse software (version 8.31, HEKA). β-cells were identified based on their size and on the inactivation properties of voltage-gated sodium currents ([@bib19]; [@bib17]).

For the recording of GABA-induced current transients, the cells were normally held at −70 mV and depolarizations were 500 ms long and went (unless otherwise indicated) to 0 mV. Exocytosis was detected as changes in cell capacitance, which was estimated by the Lindau-Neher technique implementing the "Sine + DC" feature of the lock-in module of the Pulse software. The amplitude of the sine wave was 20 mV and the frequency was set to 500 Hz.

Photorelease of Caged Calcium
-----------------------------

Photolysis of Ca^2+^ nitrophenyl-EGTA was elicited by brief UV light flashes (\<2 ms; XF-10, HiTech). Increases in intracellular Ca^2+^ were measured by dual wavelength spectrofluorimetry using the Ca^2+^ indicator Fura FF (100 μM; Molecular Probes) in an Ionoptix fluorescence-imaging system equipped with the software IonWizard (IonOptix). Concentrations of intracellular Ca^2+^ were calculated using a K~D~ of 35 μM for the Ca^2+^--Fura FF complex in the presence of Mg^2+^. Initial \[Ca^2+^\]~i~ was estimated to be ∼0.3 μM.

Solutions
---------

The standard extracellular solution consisted of (in mM unless stated otherwise) 118 NaCl, 20 TEACl, 5.6 KCl, 2.6 CaCl~2~, 1.2 MgCl~2~, 5 HEPES, and 5 glucose (pH 7.4 with NaOH). The pipette solution for recording of currents evoked by external application of GABA ([Fig. 2, C and D](#fig2){ref-type="fig"}) contained 125 CsCl, 30 CsOH, 10 EGTA, 1 MgCl~2~, 5 HEPES, and 3 Mg-ATP (pH 7.15 with HCl). The intracellular medium used for the trains of depolarizations (Figs. 5, A and [B](#fig5){ref-type="fig"}, and [7](#fig7){ref-type="fig"} A) contained 125 Cs^+^-glutamate, 10 CsCl, 10 NaCl, 1 MgCl~2~, 5 HEPES, 0.05 EGTA, 3 Mg-ATP, and 0.1 cAMP (pH 7.15 with CsOH). For Ca^2+^ infusion experiments ([Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [6](#fig6){ref-type="fig"} B), the pipette solution consisted of 139 CsCl, 1 MgCl~2~, 5 HEDTA, 3 Mg-ATP, 0.1 cAMP, 5 HEPES (pH 7.15 with CsOH), and 0.57 or 2.23 CaCl~2~ for free Ca^2+^ concentrations of 3 μM or 25 μM, respectively. In the experiments involving photorelease of caged Ca^2+^ ([Fig. 6](#fig6){ref-type="fig"} A), the pipette solution was composed of 110 CsCl, 10 KCl, 10 NaCl, 1 MgCl~2~, 25 HEPES (pH 7.1 with KOH), 3 MgATP, 0.1 cAMP, 3 NP-EGTA (Molecular Probes), 2 CaCl~2~, and 0.1 fura-FF. In the perforated patch experiments ([Fig. 8](#fig8){ref-type="fig"}), the pipette solution contained 76 Cs~2~SO~4~, 10 KCl, 10 NaCl, 1 MgCl~2~, and 5 HEPES (pH 7.35 with CsOH; 297 mOsm after inclusion of amphotericin). For measurement of the voltage dependence of GABA exocytosis ([Fig. 7](#fig7){ref-type="fig"} B), the pipette solution contained 145 CsCl, 1 MgCl~2~, 5 HEPES, 0.05 EGTA, 3 Mg-ATP, and 0.1 cAMP (pH 7.15 with CsOH), and the extracellular solution was composed of 118 D-gluconic acid, 10 TEACl, 2.6 CaCl~2~, 1.2 MgCl~2~, 5 HEPES, 5 glucose, and 5.6 K^+^-glutamate or 2.8 K~2~SO~4~ (adjusted to pH 7.4 with NaOH). This combination of extra- and intracellular solutions had to be used in order to resolve the GABA-activated Cl^−^ currents over a wide range of voltages. Similar results were obtained with potassium glutamate and potassium sulfate containing extracellular solutions. This indicates that glutamate, e.g., via activation of ionotropic glutamate receptors ([@bib21]), did not affect the results in this series of experiments. Data obtained under both conditions were therefore combined. Liquid junction potentials (V~LJ~) were measured according to [@bib31]. V~LJ~ was −4 mV for Na^+^-gluconate containing bath solution versus CsCl containing pipette solution ([Fig. 7](#fig7){ref-type="fig"} B) and +15 mV for the standard extracellular solution versus the Cs^+^-glutamate containing pipette solution (Figs. 5, A and [B](#fig5){ref-type="fig"}, and [7](#fig7){ref-type="fig"} A). V~LJ~ were not corrected for in the experiments shown.

Western Blotting
----------------

Islet homogenates were separated by SDS/PAGE on 8% acrylamide gels and transferred onto polyvinyldiene difluoride (PVDF) membranes. The membranes were incubated overnight with anti-GABA~A~α~1~ (Chemicon, 1:100), followed by horseradish-peroxidase (HRP)-coupled secondary antibody (1:20,000 dilution; Pierce Chemical Co.) for 1 h. The blots were developed by using SuperSignal^®^ West Pico Chemiluminiscent Substrate (Pierce Chemical Co.) and visualized on X-ray films.

Immunocytochemistry
-------------------

Rat islet cells were fixed using the formaldehyde-pH-shift method and permeabilized with 0.2% Triton. Nonspecific binding was blocked with 4% normal donkey serum. The cells were incubated overnight at 4°C with anti-insulin (1:1000; Eurodiagnostica) and anti-GABA (Sigma-Aldrich, 1:2,000; [Fig. 1](#fig1){ref-type="fig"} C) or anti-GABA~A~α~1~ (Chemicon, 1:100; [Fig. 2](#fig2){ref-type="fig"} B) antibodies. This was followed by incubation for 1 h with the corresponding secondary antibodies coupled to Cy5 and Cy2 (1:150; Jackson ImmunoResearch Laboratories), respectively. Fluorescence was visualized using a Plan-Apochromat 100×/1.4 oil objective and the 488 nm (Cy2) and 633 nm (Cy5) lines of a ZEISS LSM 510 confocal microscope. Images were acquired using ZEISS LSM 510 software.

Electron Microscopy
-------------------

For detailed ultrastructural analysis, islets were prepared and analyzed as described elsewhere for mouse islets ([@bib33]). For immunogold electron microscopy, intact pancreatic islets were fixed in 1% paraformaldehyde and 2.5% glutaraldehyde for 1 h at 4°C. After fixation, the islets were washed with PBS, embedded in agarose (type VII, Sigma-Aldrich), cryoprotected in glycerol, and embedded in Lowicryl HM20 by cryofixation and freeze-substitution. Immunoreactivity was detected by postembedding immunogold labeling of ultrathin sections (60--80 nm) using a rabbit anti-GABA primary antibody (Chemicon AB5016) and a goat anti--rabbit secondary antibody conjugated to 15-nm gold particles (Amersham Biosciences). Background staining over empty resin amounted to 2 ± 1 particles/μm^2^ and has not been subtracted. Specificity of immunolabeling was monitored by parallel processing of test sections containing amino acid--glutaraldehyde brain macromolecule conjugates (GABA, glutamate, taurine, glycine, aspartate, glutamine, or in the absence of any amino acid). Quantitative analysis of these test sections demonstrated dense staining of the GABA conjugate and absence of significant cross-reactivity with the other conjugates.

Estimation of Vesicular GABA Content
------------------------------------

After fusion of a vesicle with the plasma membrane, GABA diffuses into the surrounding solution and activates GABA~A~ receptor Cl^−^ channels. This causes a transient increase in an ion current across the plasma membrane. The size of the current ΔI through an elementary surface ΔS at an arbitrary time moment after the fusion event depends on the local concentration of GABA, on the density and conductance of the GABA~A~ receptor Cl^−^ channels and their binding affinity. Therefore it may be expressed mathematically in the following form: $$\documentclass[10pt]{article}
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\begin{equation*}{\mathrm{{\Delta}}}I={\mathrm{{\alpha}}}p \left \left(c\right) \right {\mathrm{{\Delta}}}S{\mathrm{,}}\end{equation*}\end{document}$$where *α* is a proportionality coefficient comprising the surface density of the GABA~A~ receptor and its single-channel conductance and *p(c)* is the dose--response function that shows the proportion of channels that are open at GABA concentration equal to *c*. The total current at the same moment is then obtained by integrating the [Eq.1](#eqn1){ref-type="disp-formula"} over the surface of the plasma membrane S and is equal to
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The local concentration of GABA *c* at a given time point depends on the initial concentration in the vesicle *c* ~0~, the diameters of the vesicle and the fusion pore and the diffusion coefficient of GABA in the vesicle and surrounding medium. Since after the opening of a fusion pore GABA rapidly diffuses into the surrounding space, the total current *I* is a peak function of time. This function was used to fit an experimental current peak caused by the release of GABA from a fused vesicle with the initial concentration of GABA in vesicle *c* ~0~ as the main fitting parameter. To solve the diffusion problem, the software package FEMLAB (Comsol) was used. The obtained solution was then imported into the MATLAB workspace (Mathworks, Inc.) and used for fitting to experimental data.

Analysis and Statistical Evaluation
-----------------------------------

Data are given as mean ± SEM. Statistical significances were evaluated using Student\'s *t* test. The GABA-induced current transients were analyzed using the software MiniAnalysis (Synaptosoft). In experiments with high release rates and significant overlap of the current transients, the number of release events was estimated by dividing the total charge of the GABA~A~ receptor--mediated Cl^−^ currents by the charge of an averaged quantal response from the same experiment. In experiments with lower release rates and apparently well separated individual current transients, the number of events was determined directly by counting.

RESULTS
=======

Ultrastructural Analyses of LDCVs and SLMVs in Rat Pancreatic Islets
--------------------------------------------------------------------

[Fig. 1](#fig1){ref-type="fig"} A shows an electron micrograph of a rat pancreatic islet illustrating the presence of both SLMVs (white arrows) and LDCVs (black arrows) in β-cells. The histogram in [Fig. 1](#fig1){ref-type="fig"} B shows the measured profile diameters. It is clear that the vesicles diameters fall in two distinct classes that can both be described by Gaussian distributions. The true vesicle diameters were derived from the observed profile diameter distribution as described previously ([@bib33]). We thus estimated the average diameters of the SLMVs and LDCVs to be 91 ± 4 nm (*n* = 688 in 83 cells) and 327 ± 6 nm (3,515 in 83 cells), respectively. The value for SLMVs is equal to that obtained in chromaffin cells ([@bib35]). The coefficients of variation (CV; standard deviation relative to mean value) were 0.27 and 0.22 for SLMVs and LDCVs, respectively. The total number of SLMVs was 3,460 ± 135 (*n* = 83) per β-cell, of which 238 ± 33 (*n* = 83) were docked with the plasma membrane (examples of docked SLMVs highlighted by white arrows in [Fig. 1](#fig1){ref-type="fig"} A). The corresponding values for the LDCVs in rat β-cells were 10,047 ± 435 and 450 ± 42 per cell. The number of LDCVs in rat β-cells in good agreement with previous estimates in mouse β-cells ([@bib12]; [@bib33]).

![Localization of GABA and β-cell ultrastructure. (A) Electron micrograph of a rat pancreatic islet. Three docked insulin-containing LDCVs and two docked GABA-containing SLMVs have been highlighted by the black and white arrows, respectively. Bar, 250 nm. (B) Diameters of SLMVs and LDCVs in rat pancreatic β-cells. Two Gaussians have been approximated to the distribution of the profile diameters of the SLMVs and LDCVs. (C) Immunofluorescence micrograph of β-cells maintained in tissue culture for 24 h using specific antibodies against insulin (red, left) and GABA (green, right). Note the low GABA content of some β-cells (indicated by arrows). Bar, 5 μm. (D) Immunogold labeling of GABA in a β-cell in an intact islet. Bar, 500 nm.](200308966f1){#fig1}

Immunocytochemistry confirmed that GABA is stored in the β-cells and revealed that the concentrations varied considerably from cell to cell ([Fig. 1](#fig1){ref-type="fig"} C). This correlated with varying levels of GAD65 expression (unpublished data). Immunogold electron microscopy was performed on β-cells in intact islets using a GABA-specific antibody ([Fig. 1](#fig1){ref-type="fig"} D). The particle density measured within the insulin-containing LDCVs and the remainder of the cell were 5.7 ± 3.2 and 30 ± 19 particles/μm^2^, respectively. This shows that GABA is excluded from LDCVs. Because of the low contrast inherent to the immunogold technique, it was not possible to demonstrate the accumulation of GABA in SLMVs directly.

Detection of Quantal GABA Release
---------------------------------

To measure GABA secretion from single β-cells, we developed a novel assay based on the overexpression of GABA~A~ receptor Cl^−^ channels in isolated pancreatic islet cells. To this end, adenoviral vectors encoding for the α~1~ and β~1~ subunits of the human GABA~A~ receptor ([@bib8]), respectively, were constructed and used to coinfect freshly isolated rat pancreatic β-cells. Western blot analysis revealed ∼20-fold overexpression of GABA~A~ receptors compared with noninfected islets ([Fig. 2](#fig2){ref-type="fig"} A). Immunocytochemistry showed homogenous distribution of the receptor in the plasma membrane ([Fig. 2](#fig2){ref-type="fig"} B). Electrophysiological measurements were performed on single infected β-cells. Application of GABA (1 mM) to the bath solution evoked an inward current in ∼80% of the cells ([Fig. 2](#fig2){ref-type="fig"} C). The current typically had an amplitude between 0.5 and 2 nA and was half-maximally activated by 30 μM GABA ([Fig. 2](#fig2){ref-type="fig"} D). No GABA-activated current was observed in noninfected β-cells. This does not mean, however, that all islet cells lack GABA~A~-receptors. We have previously demonstrated in guinea pig that glucagon-producing α-cells contain such receptors at high density ([@bib39]) and unpublished data indicate that this is also the case in rat islets.

![Overexpression of GABA~A~ receptors in β-cells. (A) Western blot of homogenates of rat islet cells (∼150 islets) infected or not with the adenoviral constructs encoding the GABA~A~-receptor Cl^−^ channels, using an antibody against the α~1~ subunit (top), and the corresponding densitograms (below). The bands in the noninfected samples may correspond to endogenous α~1~ subunits in non-β-cells. (B) Immunofluorescence micrograph of a β-cell infected with the adenoviral constructs using antibodies against the α~1~ subunit of the GABA~A~ receptor (green) and insulin (red). Bar, 5 μm. **(**C**)** Inward current activated in an infected β-cell by rapid application of GABA (1 mM) to the bath solution. (D) Relationship between the GABA concentration and the peak amplitude of the Cl^−^-current responses. The current responses have been normalized to the maximum peak current (usually observed in response to 1 mM GABA). All concentrations were tested in the same cell. Data are mean values ± SEM of five experiments. The Hill equation was approximated to the data points giving a K~d~ of 30 μM.](200308966f2){#fig2}

We reasoned that if GABA is released by exocytosis of GABA-containing SLMVs in β-cells engineered to overexpress GABA~A~-receptor Cl^−^-channels, then release of the neurotransmitter should be detectable as an increased Cl^−^-conductance. [Fig. 3](#fig3){ref-type="fig"} A shows a whole-cell patch-clamp recording from a β-cell infused with pipette solution containing 3 μM free Ca^2+^. The holding potential was −70 mV. Superimposed on the background current are discrete, transient inward current spikes resembling inhibitory postsynaptic currents (IPSCs) in neurons ([@bib13]). The transient currents were completely and reversibly blocked by 100 μM of the GABA~A~ receptor antagonist bicuculline ([Fig. 3](#fig3){ref-type="fig"} B; *n* = 4). We conclude that the transient currents described above are attributable to activation of GABA~A~-receptor Cl^−^ channels after exocytosis of single GABA-containing vesicles from β-cells.

![Quantal release of GABA. (A) Current trace (overlay of six sweeps) from an infected β-cell infused with pipette solution containing 3 mM free Ca^2+^ at −70 mV holding potential. Cl^−^ current spikes, corresponding to spontaneous release of GABA-containing vesicles, are superimposed on the background current. (B) Recording from another cell under the same experimental conditions as in A before (top) and after (middle) addition of the GABA~A~ receptor antagonist bicuculline to the bath solution and after washout of the antagonist (bottom; each trace corresponds to five superimposed sweeps).](200308966f3){#fig3}

Characteristics of Currents Triggered by GABA Release
-----------------------------------------------------

The amplitude of the transient currents elicited upon stimulation of exocytosis with high intracellular Ca^2+^ was very variable ([Fig. 4](#fig4){ref-type="fig"} A). The transient currents activated in 12.6 ± 0.7 ms (10--90% rise time) and had a half width (i.e., the time the current exceeds 50% of the peak amplitude) of 30 ± 1 ms (*n* = 117). Neither of these parameters showed any dependence on the current amplitude ([Fig. 4](#fig4){ref-type="fig"}, A--C). The average amplitude of the transient currents in this experiment was 38 ± 2 pA (range 10--141 pA; *n* = 117). In the same cell, application of 1 mM GABA to saturate the receptors elicited a whole-cell current of 1.7 nA, suggesting that an individual GABA release event activates only ∼2% of the GABA~A~ receptors.

![Properties of quantal GABA release. (A, left) Two transient currents illustrating the variability of the current amplitudes. (Right) Amplitude-corrected overlay the first (red) and second (black) transient current from the left panel, demonstrating the similarity in current kinetics. (B) Rise time (10--90%) displayed against current amplitude. (C) Duration (half widths) of current transients displayed against current amplitude. For display purposes, the data presented in B an C are presented as mean values ± SEM of 10 amplitude-matched responses. (D) Distribution of the cubic roots of transient current amplitudes ($\documentclass[10pt]{article}
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\begin{equation*} \root{3} \of {{\mathit{I}}}\end{equation*}\end{document}$) of the same events as in those presented in A--C. A Gaussian fit is superimposed (*N* = number of events). (E) Experimentally measured GABA-activated Cl^−^-current transient (mean of 12 events; continuous line) and current response obtained by mathematical modelling (circles).](200308966f4){#fig4}

The amplitude of the GABA-induced current transients is likely to be proportional to the GABA content of the vesicles undergoing exocytosis. Given that the vesicle diameters (*d*) are normally distributed ([Fig. 1](#fig1){ref-type="fig"} B), we predict that the cubic roots of the current amplitudes ($\documentclass[10pt]{article}
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\begin{equation*} \root{3} \of {{\mathit{I}}}\end{equation*}\end{document}$ can be described by a single Gaussian (continuous curve superimposed on histogram) with a CV of 0.32. The latter value is reasonably close to that obtained for the vesicle diameter (0.27; see above). The histogram further suggests that ∼20% of the events were below the detection threshold of ∼10 pA.

Collectively, the analysis of the transient currents suggests that they arise from exocytosis of a single population of GABA-containing vesicles. Given that the insulin-containing LDCVs exclude GABA, it seems justifiable to conclude that the observed events result from exocytotic fusion of GABA-containing SLMVs. Qualitatively similar results were obtained in three additional experiments analyzed the same way.

Estimation of the Intravesicular GABA Concentration
---------------------------------------------------

We estimated the intravesicular concentration of GABA by mathematical modelling of an averaged current spike from the experiment in [Figs. 3](#fig3){ref-type="fig"} A and 4, A--D. The GABA~A~ receptor--mediated conductance per area, corresponding to the proportionality coefficient *α* in [Eqs. 1](#eqn1){ref-type="disp-formula"} and 2 (see [materials]{.smallcaps} [and]{.smallcaps} [methods]{.smallcaps}), was measured by application of a saturating concentration of GABA at the end of the experiment in combination with the estimation of the cell surface by capacitance measurements. The dose--response curve was obtained from [Fig. 2](#fig2){ref-type="fig"} D. The SLMV diameter was taken to be 90 nm ([Fig. 1](#fig1){ref-type="fig"} B), the membrane thickness to be 7 nm, and the fusion pore diameter was assumed to be 3 nm ([@bib2]). As shown in [Fig. 4](#fig4){ref-type="fig"} E, the model reasonably predicts the time-course and amplitude of the current transient. We thus estimated that every vesicle contains 0.36 amol of GABA, which corresponds to an intravesicular concentration of 0.9 M.

GABA Release during Trains of Voltage-clamp Depolarizations
-----------------------------------------------------------

We next investigated GABA release during depolarizations to 0 mV from a holding potential of −70 mV. The depolarizations are expected to open voltage-gated Ca^2+^ channels, thus elevating the intracellular Ca^2+^ levels. Trains of 10 depolarizations (500 ms) were applied at 1 Hz to infected cells infused with Ca^2+^-free solution containing 50 μM EGTA. As shown in [Fig. 5](#fig5){ref-type="fig"} A, the depolarizations triggered transient currents similar to those described above. The inset shows the current responses elicited by the fourth pulse (dotted rectangle) on an expanded time base. The direction of the currents is outward rather than inward during the depolarizations to 0 mV as the equilibrium potential of Cl^−^ with the solutions used (152 mM Cl^−^ in the extracellular, 23 mM Cl^−^ in the intracellular solution) is −49 mV. By analogy to what was seen in the intracellular dialysis experiments ([Fig. 3](#fig3){ref-type="fig"} B), the current transients that could be elicited by membrane depolarization were completely blocked by addition of the GABA~A~ receptor antagonist bicuculline (100 μM) to the bath solution (*n* = 8; unpublished data).

![Depolarization-induced exocytosis. (A) Transient Cl^−^ currents (bottom) and increase in cell capacitance (middle) triggered by a train of ten 500-ms depolarizations from −70 to 0 mV in an infected β-cell. (Inset) A part of the recording (marked by the dashed box) on an expanded time base, including five transient Cl^−^ currents. Note that the driving force for Cl^−^ ions is inward (corresponding to an upward deflection of the current trace) at 0 mV and outward at −70 mV with the solutions used. While some transient currents were observed between the depolarization pulses, no events were observed before the train. (B) Number of Cl^−^ current transients (*N*) elicited by the individual depolarization pulses during trains of 10 500-ms depolarizations from −70 to 0 mV during a first train (black bars) and a second train applied 2 min later (white bars, *n* = 5).](200308966f5){#fig5}

Exocytosis of SLMVs Contributes Little to Capacitance Increases
---------------------------------------------------------------

Cell capacitance is a powerful single-cell assay of secretion that monitors changes of cell-surface area due to exocytotic fusion of vesicles with the plasma membrane ([@bib29]). The magnitude of the capacitance increase (ΔC~m~) resulting from the fusion of a vesicle with the plasma membrane is proportionally related to the square of the vesicle radius (r; i.e., ΔC~m~ = ɛπr^2^ where ɛ is 9 fF/μm^2^). Exocytosis of an SLMV (r = 45 nm; [Fig. 1](#fig1){ref-type="fig"} B) and an LDCV (r = 164 nm) can accordingly be expected to result in a capacitance increase of 0.23 and 3.4 fF, respectively. We combined capacitance measurements with our single-vesicle assay of GABA/SLMV release. In the experiment shown in [Fig. 5](#fig5){ref-type="fig"} A, the train of depolarizations elicited a capacitance increase of 546 fF. Because of the comparatively high exocytotic rate in this experiment, causing significant overlap of the GABA-induced current transients, the number of current transients was estimated by dividing the total charge of the GABA-induced current through the charge of an average single event. We thereby estimated that the train triggered 52 current transients. From these data it can be calculated that exocytosis of SLMVs in this experiment accounts for ∼2% of the measured capacitance increase (i.e., 52 × 0.23 fF/546 fF). In a series of 11 experiments, the capacitance increase per current transient averaged 31 ± 6 fF, corresponding to a contribution of SLMV exocytosis to the capacitance signal of ∼0.7% (0.23 fF/31 fF). It therefore seems justifiable to conclude that capacitance measurements in β-cells primarily reflect exocytosis of insulin-containing LDCVs. We acknowledge, however, that because of the amplitude distribution and thresholding, we will miss some GABA-induced events (see above). Even when allowance is made for this, it is clear that the frequency of the GABA-activated current transients is only ∼10% of that expected if they were due to LDCV exocytosis.

The experiment in [Fig. 5](#fig5){ref-type="fig"} A also revealed a progressive decrease in the number of current transients triggered by the later depolarization pulses of the train. Eventually, some pulses (numbers 8 and 10) failed to evoke any GABA release. [Fig. 5](#fig5){ref-type="fig"} B summarizes data from five cells. During the first train (black columns), the total number of events elicited averaged 8.2 ± 2.5 per train. It is evident that there is a ∼75% decline in the release probability during the train. In contrast, the voltage-gated Ca^2+^ currents decreased only by 23 ± 3% between the first and tenth pulse of the depolarization train (*n* = 13; unpublished data). When another train of depolarizations was applied 2 min later, the release probability during the initial part of the train was almost restored to that observed during the first train (white columns; total number of events 7.5 ± 2.5 per train; *n* = 5).

Ca^2+^ Dependence of GABA Release
---------------------------------

The fact that exocytosis of GABA can be triggered by membrane depolarization suggests that it may be triggered by an increase in the cytoplasmic-free Ca^2+^-concentration. We explored the Ca^2+^ dependence of GABA exocytosis from β-cells by loading infected β-cells via the patch pipette with "caged-Ca^2+^" (Ca^2+^-NP-EGTA). Photolysis of the compound by a flash of UV-light led to an instantaneous increase of the intracellular Ca^2+^ concentration ([Fig. 6](#fig6){ref-type="fig"} A, bottom). This triggered both an increase in cell capacitance (middle) and a series of transient currents reflecting exocytosis of GABA-containing vesicles (top). The increase in capacitance per current transient averaged 26 ± 5 fF (*n* = 5). This confirms the results obtained with membrane depolarizations ([Fig. 5](#fig5){ref-type="fig"} A) that release of GABA via exocytosis of SLMVs accounts for \<1% of the capacitance increase (0.23 fF/26 fF). The dissociation of GABA release and capacitance increase seen in this experiment (the six rightmost events in [Fig. 6](#fig6){ref-type="fig"} A, top) could be the consequence of either these release events adding very little membrane area (equivalent to 6 × 0.23 fF = 1.3 fF) or concomitant endocytosis masking ongoing exocytosis ([@bib14]).

![Ca^2+^ dependence of GABA release. (A) Cl^−^ current transients (top) and increase in cell capacitance (middle) elicited by an increase in \[Ca^2+^\]~i~ (bottom) produced by photorelease from caged Ca^2+^ preloaded into the cell. The cell was held at −70 mV and the time of photoliberation is indicated by the arrow (artifacts in the capacitance trace caused by the Cl^−^ current transients have been removed). (B) Representative recordings of Cl^−^ current transients (indicated by arrows) from cells infused with pipette solution containing 3 μM (top) or 25 μM (bottom) free Ca^2+^.](200308966f6){#fig6}

To further quantify the Ca^2+^ dependence of GABA exocytosis, we compared GABA release from β-cells infused with pipette solution containing 3 μM ([Fig. 6](#fig6){ref-type="fig"} B, top) or 25 μM (bottom) free Ca^2+^ in the standard whole-cell configuration. As the current transients usually appeared clearly separated in these experiments, the number of events was determined directly by counting. At 3 μM free Ca^2+^, 9.4 ± 3.2 events/min were observed (*n* = 9), whereas at 25 μM free Ca^2+^ the frequency increased to 20.3 ± 4.4 events/min (P \< 0.05; *n* = 9). In the same experiments, a similar ∼2-fold difference between the lower and higher Ca^2+^ concentration was measured for the rate of capacitance increase; 349 ± 130 fF/min at 3 μM and 758 ± 168 fF/min at 25 μM \[Ca^2+^\]~i~. Again, the number of GABA-triggered currents is much less than expected if they resulted from exocytosis of LDCVs. Using a conversion factor of 3.4 fF/LDCV (as predicted from the vesicle diameter established by electron microscopy), the rate of capacitance increase observed at 25 μM Ca^2+^ corresponds to \>200 granules/min, 10-fold higher than the number of GABA-dependent current transients actually observed.

GABA Release Depends on Voltage-dependent Ca^2+^ Influx
-------------------------------------------------------

To verify that GABA release is triggered by Ca^2+^ influx through voltage-gated Ca^2+^ channels in the plasma membrane, trains of depolarizations were applied before and after addition of 10 μM Cd^2+^ to the extracellular solution ([Fig. 7](#fig7){ref-type="fig"} A). It is evident that this broad-spectrum inhibitor of voltage-gated Ca^2+^ channels abolished GABA release (*n* = 3). Thus, exocytosis of the GABA-containing vesicles is secondary to Ca^2+^ influx and not to membrane depolarization as such. We next determined the voltage dependence of GABA release. As shown in [Fig. 7](#fig7){ref-type="fig"} B, no GABA was released when the depolarization went to −50 mV. Depolarizations to −40 mV and beyond elicited release of GABA, which was maximal at −20 mV. When the pulses went above −20 mV, a secondary reduction was observed because of the reduced driving force for Ca^2+^ into the β-cell. This voltage dependence strongly resembled that of the Ca^2+^ current and virtually superimposed that of exocytosis monitored as increases in cell capacitance.

![Depolarization-evoked GABA release requires Ca^2+^-influx through voltage-gated Ca^2+^-channels. (A) Current responses elicited by a train of ten 500-ms depolarizations from −70 to 0 mV before (top) and after (bottom) addition of CdCl~2~ (10 μM) to the bath solution. (B) Cl^−^ current transients (open circles), capacitance increase (ΔC~m~; filled circles), and peak Ca^2+^ current (I~Ca~; squares) triggered by 500-ms depolarizations from −70 mV to the indicated potentials. All data points correspond to average ± SEM from 8--35 experiments. Note that there is an ∼20 mV difference in the liquid junction potential between the intracellular solution used in this series of experiments and those used in most other experiments. Thus, the voltage experienced by the cells during depolarization to 0 mV in Figs. 5, A and [B](#fig5){ref-type="fig"}, and [7](#fig7){ref-type="fig"} A is comparable to −20 mV in this series of experiments.](200308966f7){#fig7}

Modulation of GABA Release by cAMP
----------------------------------

Insulin secretion is stimulated by agents increasing intracellular cAMP ([@bib4]). The involvement of the cAMP-/protein kinase A--dependent pathway in GABA exocytosis was studied by applying trains of depolarizations from −70 to 0 mV before and after addition of the adenylate cyclase activator forskolin (2 μM; [Fig. 8](#fig8){ref-type="fig"} A). The results of 10 individual experiments are summarized in [Fig. 8](#fig8){ref-type="fig"} B. On average, forskolin increased GABA release by 78%. In the same experiments, the capacitance increase elicited by the depolarizations was augmented by forskolin by 49% ([Fig. 8](#fig8){ref-type="fig"} C). Thus, release of SLMVs and LDCVs exhibit a number of similarities in terms of voltage and Ca^2+^ dependence and modulation by second messenger systems.

![cAMP stimulation of GABA exocytosis. (A) Cl^−^ current transients elicited by trains of 500-ms depolarizations before (top) and 2 min after (bottom) addition of forskolin (2 μM) to the bath solution. (B) Histogram summarizing the GABA release events elicited per train under control conditions and after stimulation with forskolin. (C) As in B but instead showing the total increase in cell capacitance (ΔC~m~) elicited by the train. In B and C, the data are mean values ± SEM of 10 experiments.](200308966f8){#fig8}

DISCUSSION
==========

Like neurons and other endocrine cells ([@bib6]; [@bib28]), pancreatic β-cells contain two types of vesicles: LDCVs containing insulin and SLMVs ([@bib36]). The function of the SLMVs in the β-cell is unclear and it even remains to be unequivocally established that they are capable of undergoing regulated exocytosis. Here we describe a novel system to detect the release of GABA at the single-vesicle level with millisecond resolution by overexpression of ionotropic GABA~A~ receptors as autoreceptors for neurotransmitter release ([@bib20]; [@bib54]). We show that GABA is released by regulated exocytosis evoked by Ca^2+^ influx through voltage-gated Ca^2+^ channels.

Properties of Quantal GABA Release in Rat β-cells
-------------------------------------------------

The amount of GABA release detected varied substantially from cell to cell. In good preparations, quantal release of GABA was observed in ∼50% of β-cells infused with ≥3 μM free Ca^2+^. Apart from variable levels of GABA~A~ receptor expression and exocytotic responses, the failure to detect exocytotic release of GABA in the remaining 50% of cells can be attributed to the variability of cellular GABA content. Indeed, some isolated β-cells exhibited only weak GABA immunoreactivity after 24 h of culture ([Fig. 1](#fig1){ref-type="fig"} C). In addition to differences in GAD65 expression, it has been reported that β-cells lose ∼70% of biochemically determined GABA after 24 h of culture as compared with intact islets ([@bib55]).

In some experiments with high release rates, e.g., during trains of voltage-clamp depolarizations ([Figs. 5](#fig5){ref-type="fig"} A and 7 A), significant overlap of the GABA-induced current transients was observed, impeding the determination of the number of release events by direct counting. In these experiments we estimated the frequency of exocytotic events by measuring the total charge of the GABA-induced current and dividing it through the charge of an average event from the same experiment. However, in most experiments, especially those involving infusion of the cells with Ca^2+^-containing solutions ([Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [6](#fig6){ref-type="fig"} B), the great majority of the current transients appeared well separated. This also reflects the ∼5--10-fold lower release rates for GABA-containing vesicles compared with that expected for the release of insulin-containing LDCVs estimated by the capacitance measurements. Quantification of the exocytotic events therefore did not seem to pose a general problem for data analysis. Collectively, these observations suggest that although the SLMVs are capable of undergoing exocytosis, the frequency of these events is considerably lower than that of the LDCVs.

Analysis of the kinetics of the release events as well as the amplitude distribution ([Fig. 4](#fig4){ref-type="fig"}, B--D) indicates that they result from the exocytosis of a single population of vesicles. If GABA were released by both exocytosis of the LDCVs and SLMVs, then the rise time (t~10--90%~) as well as half-widths would have been expected to vary with the current amplitude, as has previously been shown for serotonin release in Retzius neurons ([@bib10]).

By mathematical modelling of experimentally obtained current transients, we estimated that the average intravesicular concentration of GABA is ∼0.9 M. This is similar to the neurotransmitter concentration in other vesicles ([@bib52]). The fitting of our model to experimental data also revealed that the diffusion rate of GABA out of vesicles into the extracellular space should be considerably slower than the rate of its dispersion in the surrounding medium. If the diffusion coefficient for GABA within a vesicle was taken to be equal to that in free solution (600 μm s^−1^; [@bib23]), then only very rapidly rising (t~10--90%~ \< 1 ms) and narrow (half-width: ∼1 ms) current spikes were obtained in our calculations. Since these responses differ significantly from those experimentally observed, we propose that SLMVs in pancreatic β-cells, by analogy to other neurotransmitter-containing vesicles, contain a poly-electrolyte matrix that considerably decreases the diffusion coefficient of GABA. In accordance with values obtained experimentally for catecholamines in chromaffin cells ([@bib3]), we therefore assumed a 100-fold reduced intravesicular diffusion coefficient for GABA molecules (6 μm s^−1^).

Even with the reduced diffusion coefficient, the calculated spike still rose faster than expected from the experimental data. We attribute this discrepancy to the fixed geometry of the fusion pore in our model (i.e., the fusion pore is taken to instantly dilate to its final size in the model). The slower time course we observe experimentally indicates that the opening and formation of a fusion pore takes a certain time and during the initial stages of a fusion event the release of GABA is hindered by the small size of the pore.

In a vesicle with a diameter of 90 nm, the GABA concentration of 0.9 M results in an intravesicular GABA content of 0.36 amol. Since a rat β-cell contains ∼3,500 SLMVs, the total vesicular pool of GABA amounts to ∼1.25 fmol/cell or ∼6% of the total GABA content (21 pmol per 1,000 cells in intact rat islets; [@bib55]). Thus, the bulk of the β-cell GABA resides in the extravesicular space including the cytoplasm. Importantly, GABA is excluded from the insulin-containing granules and measured GABA immunoreactivity within these organelles was \<20% of the average cellular concentration ([Fig. 1](#fig1){ref-type="fig"} D).

SLMVs Belong to Functional Pools that Vary with Regard to Release Competence
----------------------------------------------------------------------------

During trains of depolarizing pulses, there was a progressive ∼75% decline of the GABA release probability ([Fig. 5, A and B](#fig5){ref-type="fig"}). Release was restored when the same stimulus was applied again after 2 min latency. The decline in release probability could not be explained by a corresponding reduction of Ca^2+^-influx, which was only reduced by 23%. In mouse β-cells, such small decreases in Ca^2+^ entry only marginally affect exocytosis ([@bib37]). These observations instead suggest that the GABA-containing vesicles, like insulin-containing LDCVs ([@bib40]), are organized in distinct pools with different release kinetics. A limited number of vesicles are immediately available for release ("readily releasable pool", RRP), representing most of the exocytotic events during the first pulses of the depolarization series. This RRP is refilled from a larger reserve pool of vesicles that have to undergo preparatory steps before being released, therefore displaying slower release kinetics. It appears that a train of ten 500-ms depolarizations is sufficient to fully deplete the RRP.

Exocytosis of SLMVs Contributes Marginally to Observed Capacitance Increase
---------------------------------------------------------------------------

It has been proposed that exocytosis of SLMVs constitutes a sizeable fraction of the capacitance response in β-cells ([@bib47]). Comparison of the capacitance changes with the number of GABA release events with knowledge about the diameters of the SLMVs and LDCVs enabled us to determine how much of the observed capacitance increase is attributable to the exocytosis of the SLMVs. We thereby estimate that release of the SLMVs typically accounts for 1--2% of the observed capacitance increase. Thus, capacitance measurements provide a good estimate of insulin granule exocytosis.

Having access to two techniques allowing us to distinguish between exocytosis of SLMVs and LDCVs enabled us to compare the properties of the two pathways of release. In general, exocytosis of the two types of vesicles exhibited similar regulation. This is in agreement with comparative measurements of the release of acetylcholine-containing SLMVs and catecholamine-storing LDCVs in phaeochromocytoma cells ([@bib32]) and with studies on glutamate secretion from pinealocytes ([@bib28]). It is worthy of note that none of these studies provided any evidence for a major difference in the release kinetics of SLMVs and LDCVs ([Fig. 5](#fig5){ref-type="fig"} A). In experiments involving dialysis of the cytosol with stimulating Ca^2+^ concentrations ([Fig. 6](#fig6){ref-type="fig"} B), increasing the Ca^2+^ concentration from 3 to 25 μM had a similar effect on the release rates of LDCVs and SLMVs. We acknowledge that these experiments cannot be used to derive the true Ca^2+^-sensitivity of exocytosis (whether seen as a capacitance increase or GABA-transients) because the release-competent pool will be quickly depleted and other processes (such as refilling of the pool by vesicle mobilization) will then be rate limiting for exocytosis. Nevertheless, the similar effect of increasing \[Ca^2+^\]~i~ on GABA release and exocytosis measured as capacitance increase (which principally reflects exocytosis of the LDCVs) suggests that release of both types of vesicles may involve the same Ca^2+^ sensors ([@bib46]).

GABA Is Released by Depolarization to Physiological Membrane Potentials
-----------------------------------------------------------------------

The physiological stimulus for secretory activity of β-cells is an elevation of blood glucose levels, which triggers electrical activity of the cells. The direct investigation of the glucose effect on GABA exocytosis is not straightforward with our assay, because for recording of the GABA-induced current events the membrane voltage has to be clamped. This precludes the development of glucose-induced electrical activity. A theoretically feasible approach would be the measurement of GABA-evoked "postsynaptic potentials" in the current-clamp mode. However, the Cl^−^ equilibrium potential in β-cells (−43 mV; unpublished data) is close to their membrane potential during glucose-induced electrical activity (which oscillates between −40 and −20 mV; [@bib5]). Consequently, the GABA-induced potentials will be small and therefore difficult to identify among glucose-induced action potentials. Instead we simulated glucose-induced electrical activity by applying trains of voltage-clamp depolarizations. Glucose-induced action potentials in rat β-cells usually peak at around −20 mV ([@bib5]). GABA release was elicited by depolarizations to voltages above −50 mV and was maximally stimulated by depolarization to −20 mV (−15 mV after correction for liquid junction potentials; [Fig. 7](#fig7){ref-type="fig"} B). Moreover, the voltage dependence of GABA exocytosis closely followed that of both Ca^2+^ influx and capacitance increases (reflecting exocytosis of insulin-containing LDCVs). Action potentials in rat β-cells have a half-width of 150--200 ms ([@bib5]). Although we applied depolarization pulses of 500 ms duration, ∼40% of the GABA current transients were triggered during the first 200 ms of the depolarization pulses (unpublished data). Together, these data strongly suggest that GABA secretion from β-cells is also glucose-stimulated.

Studies on the effect of glucose on GABA secretion from pancreatic islets or from insulin-secreting cell lines have so far yielded conflicting results. While some studies showed a stimulation of GABA secretion by glucose ([@bib1]; [@bib16]), others reported an inhibition ([@bib44]; [@bib18]) or no effect ([@bib30]; [@bib11]). All of these studies have relied on the determination of the GABA concentration in the cell supernatant by HPLC, enzymatic assays or with radioactive tracers, mostly with low temporal resolution (up to 24-h measurement intervals). Rat β-cells have been reported to release 0.4 amol of GABA per second and cell regardless of the glucose concentration ([@bib44]). Given that an SLMV contains 0.36 amol of GABA ([Fig. 4](#fig4){ref-type="fig"} E), the spontaneous release rate would correspond to 1 SLMV per second and β-cell. This is only ∼10% of the exocytotic rate that can maximally be attained during membrane depolarization (five events during 500 ms; [Fig. 5](#fig5){ref-type="fig"} A, inset), but still relatively high in comparison with the release rate observed in dialysis experiments ([Fig. 6](#fig6){ref-type="fig"} B). The amounts of GABA secreted over long periods are thus likely to reflect processes other than exocytotic release of the neurotransmitter, e.g., passive transporter--mediated leakage. This route of release may be affected by variations of GAD activity and changes in GABA content of the cells rather than changes in the glucose concentration ([@bib44]). Nevertheless, it is clear that GABA, at least for brief periods, can be released at rates much higher than indicated by the previous biochemical assays.

Physiological Role of Regulated Release of GABA in Islets
---------------------------------------------------------

With a basal release rate equivalent to one vesicle per second and β-cell which increases 5--10-fold during electrical activity, it is clear that both the β-cell itself as well as its neighbors will be exposed to biologically active concentrations of GABA and quite high interstitial levels of the neurotransmitter may be attained close to the release sites. This highlights the possibility of GABA exerting a paracrine role within the pancreatic islets. Indeed, GABA~A~ and GABA~B~ receptors have been documented in pancreatic islet cells ([@bib39]; [@bib9]) and our own unpublished data indicate that release of endogenous GABA from rat β-cells inhibits glucagon and insulin release by activation of GABA~A~ and GABA~B~ receptors, respectively.

The concept that a substance released from the β-cells regulates glucagon secretion from neighboring α-cells is underscored by the recent observations of [@bib22], who postulated that Zn^2+^ coreleased with insulin may inhibit glucagon secretion although the mechanisms remain obscure. It is likely that several mechanisms contribute to the glucose regulation of glucagon release from the α-cells in vivo*.* It should also be emphasized that not all regulation needs to be exerted via paracrine signaling as even individual α-cells and pure α-cell preparations retain the ability to respond to glucose ([@bib34]; [@bib24]).

Significance to Diabetes
------------------------

The finding that GABA-containing SLMVs undergo exocytosis may finally be of significance to the understanding of type 1 diabetes. It is tempting to speculate that the selective destruction of the β-cells in type 1 diabetes, although the autoantigen GAD65 is expressed in several other cells ([@bib51]), is a consequence of the functional significance of GABAergic processes within the islet and the high rate of SLMV exocytosis. Intriguingly, pharmacological procedures that hyperpolarize the β-cell and thus can be expected to inhibit exocytosis of the SLMVs have been reported to reduce GAD65 presentation and exert a β-cell protective action in type 1 diabetes ([@bib25]). In addition, altered paracrine signaling in the islet may be a causative factor for the increase in glucagon secretion that contributes to the metabolic disturbances in both type 1 and type 2 diabetes ([@bib26]; [@bib42]).
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